Imaging of coronary vasa vasorum may lead to assessment of the vulnerable plaque development in diagnosis of atherosclerosis diseases. Dual frequency transducers capable of detection of microbubble super-harmonics have shown promise as a new contrast-enhanced intravascular ultrasound (CE-IVUS) platform with the capability of vasa vasorum imaging. Contrast-to-tissue ratio (CTR) in CE-IVUS imaging can be closely associated with the low frequency transmitter performance. In this paper, transducer designs encompassing different transducer layouts, transmitting frequencies, and transducer materials are compared for optimization of imaging performance. In the layout selection, the stacked configuration showed superior super-harmonic imaging compared with the interleaved configuration. In the transmitter frequency selection, a decrease in frequency from 6.5 MHz to 5 MHz resulted in an increase of CTR from 15 dB to 22 dB when receiving frequency was kept constant at 30 MHz. In the material selection, the dual frequency transducer with the lead magnesium niobate-lead titanate (PMN-PT) 1-3 composite transmitter yielded higher axial resolution compared to single crystal transmitters (70 μm compared to 150 μm pulse length). These comparisons provide guidelines for design of intravascular acoustic angiography transducers.
Introduction
Atherosclerosis is a cardiovascular disease, causing 1 death every 40 seconds on average in United States according to the latest Heart Disease and Stroke Statistics (Go et al., 2014) . Atherosclerotic plaque rapture is hypothesized to be the majority of secondary cardiovascular events and causes up to 75% of the acute coronary syndromes (Naghavi et al., 2003) . However, the evaluation of plaque vulnerability based on measuring coronary intima thickness, degree of stenosis, or other morphological features is ineffective at predicting which plaques will be dangerous in the future if not acted upon (Vallabhajosula and Fuster, 1997) . More recently, it has been found that these vulnerable plaques typically express disorganized and excessive vasa vasorum microvessels that supply oxygen and nutrients to unstable plaques and are linked with atherosclerosis (Carlier et al., 2005; Doyle and Caplice, 2007) . Experiment and clinical studies have shown that the presence of angiogenesis and inflammation is a remarkably consistent feature of vulnerable plaques (Shah et al., 2007) . Hence, identification of vasa vasorum within plaque bodies is expected to provide an early evaluation of the plaque vulnerability and prediction of the disease.
However, detection of the disorganized vasa vasorum remains challenging due to the low acoustic scattering of blood compared to tissue (Dayton and Rychak., 2007) . In order to increase the scattering from the microvessels, ultrasound contrast agents (UCA), e.g. microbubbles, are injected into blood to provide strong acoustic scattering (Frinking et al., 2000; Guo et al., 2014) . However, imaging at fundamental frequencies produces low contrast to tissue ratio (CTR) because the scattering from UCA is at comparable level with that from tissue (Klibanov, 1999) . Taking the advantage of the highly nonlinear acoustic response of microbubbles compared to tissue, detecting signals at the second harmonic frequency allows for the separation of microbubble signal from tissue signal and increases CTR (Goertz et al., 2006; Bader and Holland, 2013; Wang et al., 2014) . Furthermore, it has been shown that super-harmonic imaging occurring at higher harmonics (at the third or greater) has even higher CTR than the images produced using second order harmonics (Bouakaz et al., 2003) . When performed with a low frequency transmitter and high frequency receiver, super-harmonic imaging can occur at harmonics of even higher order (5 th +) to produce ultrasound images with very high CTR and imaging resolution similar to X-ray angiography in a method referred to as "acoustic angiography" (Gessner et al., 2012; Gessner et al., 2013) . Furthermore, both CTR and resolution could be enhanced by in the super-harmonic imaging using triple frequency array with frequency compounding method in the transmission (Danilouchkine et al., 2013) .
Another major challenge of vasa vasorum imaging lies in the high attenuation of high frequency ultrasound needed for high resolution detection, which prevents transcutaneous ultrasound probes from being used in coronary vasa vasorum imaging. The diameters of typical vasa vasorum is small and ranges from 161 μm for primary vessels to 68 μm for secondary vessels (Kwon et al., 1998) . Intravascular ultrasound (IVUS) imaging may be a solution to this challenge, and has been widely utilized for the characterization of coronary vessel walls (Tobis et al., 1991) , morphology of plaques (Jang et al., 2002) , and so on (Slager et al., 2000; Yuan et al., 2008) . However, conventional IVUS transducers are not optimized for contrast imaging (Nissen et al., 1991) , and therefore are ineffective for vasa vasorum imaging.
We have previously reported a preliminary design of a small aperture, dual frequency (6.5 MHz / 30 MHz) transducer for contrast enhanced intravascular ultrasound (CE-IVUS) imaging (Ma et al., 2013c; Ma et al., 2014a) . The low frequency element was used to transmit large amplitude excitatory signals to produce nonlinear response of UCAs while the broadband (10 MHz -30 MHz) super-harmonic signals were detected by the high frequency receiving element (Ma et al., 2013b) . High resolution (< 200 μm) and reasonable CTR (12 dB) was achieved in a tissue mimicking phantom (Ma et al., 2014c) .
In this paper, we explore alternatives of the layout designs, transmit frequencies, and transducer materials to provide a guideline for the construction of dual frequency intravascular transducers. Transducers with varying design alternatives were prototyped and tested in a tissue mimicking phantom to evaluate its effect on image quality of CE-IVUS in an effort to optimize parameters for effective vasa vasorum imaging.
Materials and Methods

Layout design
Configurations of the dual frequency transducers could be mainly classified by the relative position of the elements with different frequencies. For a dual frequency transducer, the elements of the two frequencies could be aligned either horizontally (side by side or interleaved) or vertically (stacked), as shown in Figure 1 . Outer dimensions of IVUS transducers are typically limited by the dimensions of the catheters that house them. In order to be integrated in commercial catheters (Boston Scientific Corp., Natick, MA, USA) typically used for coronary interventions, the width (lateral dimension) of the transducers was limited to 0.6 mm. The length (elevation dimension) could be relatively large in order to provide strong acoustic pressures for nonlinear microbubble oscillations. In addition, it is desirable for both the transmitting and receiving beam to overlap with each other, so that the region generating nonlinear signals coincides with the main lobe of the receive beam. Interleaved and stacked configurations with modifications ( Figure 1(a -d) ) were compared in order to evaluate their advantages and limitations.
There are several alternatives for the horizontal alignment. One is the ring-shape alignment for piston transducers, usually with the high frequency element in the center and the low frequency element at the edge (Gessner et al., 2013; Cheng et al., 2011) . However, the fabrication process is so challenging that no such transducers have been fabricated for IVUS imaging. Another alignment is to alternate the high-and low-frequency elements in one horizontal dimension (Figure 1(a) ), which is referred to as a horizontal stack (Ferin et al., 2007) or interleaved configuration (Bouakaz et al., 2004) . Advantages of this configuration include low coupling between the elements, and that matching and backing layers could be designed for each frequency so that individual elements could exhibit optimal performance. Because of less coupling in the vibration modes among the elements, the interleaved configuration is preferable if more than two frequencies are needed to have a good frequency coverage (Danilouchkine et al., 2013; Ku et al., 2004) . However, interleaved configurations resemble 2-2 composites (Newnham et al., 1978) , and the fabrication process is even more complex than single frequency 2-2 composites since thickness mode resonators with different frequencies and differing thickness must be arranged alternately. The fabrication challenge of this increases as transducer dimensions are scaled down making this approach impractical for small, intravascular transducers with multiple frequencies. In the case of one high frequency element and two low frequency elements (Figure 1(a) ), the beam of the high frequency and low frequency elements are not well overlapped, which makes it non-ideal for super-harmonic imaging. Transducers with interleaved or stacked layouts were fabricated to demonstrate the performance. Additional, the sensitivity of the transducers with this configuration is intrinsically reduced because only half of the aperture is active in either transmission or reception (Neer et al., 2010) .
If the elements are bonded with one underneath the other (Figure 1(b) ), then the arrangement is referred to as a stacked configuration (Neer et al., 2010) . If the materials of both layers are high property piezoelectric materials such as PZT or PMN-PT, then there is a high coupling in the vibration between the two layers (Hossack and Auld, 1993) . High intensity focused ultrasound (HIFU) used for therapy applications can take advantage of such coupling can generate dual frequency ultrasound to enhance the ablation efficiency (Ma et al., 2013a) . In other conditions such as the super-harmonic imaging, however, this frequency coupling effect is not ideal, because it elongate the pulse length and causing low axial resolution. Methods of decoupling the signals include designing a digital filter isolating transmit and receive bands for widely separated signals (Zhou and Hossack, 2002) or an acoustic filter (AF, in Figure 1 (c)) (Ma et al., 2014b; Azuma et al., 2010) . For the acoustic filter design, input impedance at the acoustic filter layer Z in is (1) where Z AF and Z p2 are the characteristic impedance of the acoustic filter layer and low frequency piezoelectric layer, k is the wave number (1 / λ) and (img)ℓ is the thickness of the acoustic filter layer. Acoustic intensity transmission coefficient T I is (2) where Z P1 is the characteristic impedance of the high frequency piezoelectric layer. With a low impedance Z AF and high impedances of Z P1 and Z P2 , the lowest acoustic intensity transmission happens at quarter wavelength of the acoustic filter. All of the acoustic filters were designed identical because the receiving elements in different transducers were identical, and an identical design of acoustic filter (1/λ of receiving wave) meet all the requirements for both transmitting and receiving. Further details of the acoustic filter and its effect on the low frequency wave are reported in a specific paper (Ma et al.) . Compared to interleaved configurations, stacked transducers are easier to fabricate and offer higher sensitivity and intrinsically confocal (Neer et al., 2010) . As a result, the stacked configuration was selected in this dual frequency IVUS transducer design.
For dual frequency transducers used in super-harmonic imaging, the center frequencies of the elements are widely separated, and hence, the beam profiles cannot be ideal for both frequencies if the aperture dimensions of the two elements are identical. If both apertures are large (3 mm in length), then the natural focus of the high frequency beam would be too far away to be useful in IVUS (> 15 mm in this case). However, if the length of both elements of the transducer were small enough to bring the natural focus of the receiving element inside the vessel, then the aperture of the transmitting element would be too small to generate sufficient pressure to evoke nonlinear microbubble response. In order to generate good beam profiles at both frequencies, the two elements were designed with different aperture sizes (Figure 1(d) ).
The final cross-sectional layout of the transducer is shown in Figure 1 (e)). The stacked configuration is used with the high frequency reception element in front of the low frequency transmission element. An acoustic filter layer was placed between the two active layers to suppress the high frequency wave propagation while still permitting the low frequency wave to propagate. The aperture of the high frequency element is smaller (about 1/6 in length) than the low frequency element. Transducers were fabricated using previously established methods (Ma et al., 2014c) but the transmitting frequency and materials were altered as discussed in the following sections.
Frequencies
Working frequencies of the transducers were determined by the super-harmonic imaging requirements. The selection criteria for choosing an appropriate center frequency of the receiving element included having an adequate penetration depth in order to delineate the boundaries of the tunica media while maintaining the ability to detect the fine vessel structures that compose the vasa vasorum. The center frequency of the transmit element was selected by considering element size (which limits lower frequencies since they are too large to operate in arteries) and nonlinear microbubble response when transmit and receive elements have widely separated center frequencies. Previous studies have shown that images produced from nonlinear microbubble response have increased signal to noise ratio (SNR) when using lower transmit frequencies at a high mechanical index (Lindsey et al., 2014a) . Because high frequency element is more sensitive to the transducer dimension, the center frequency for the receiving element was defined first and the center frequency of the transmitting element was decided afterwards.
The center frequency of the receive element was designed to penetrate deep enough while maintaining the ability to detect microvessels. Blood vessel walls (∼ 0.5 dB/cm/MHz, < 5 mm thickness) and blood (∼ 0.2 dB/cm/MHz) (Szabo, 2014) contribute to one-way attenuation only since the nonlinear echo is generated by the microbubble and travel to the receiving element. As an example, a nonlinear echo produced by a microbubble at 30 MHz would propagate to the transducer with less than 5 dB loss in a coronary sized vessel. Meanwhile, in order to resolve second order vasa vasorum (∼ 68 μrn) (Kwon et al., 1998) , the pulse length of the receiving signal would be similar as this dimension. The wavelength of the 30 MHz ultrasonic wave is about 50 μm in water or tissue, which is good enough for the vasa vasorum imaging if the pulse is consist of a couple of cycles. Based on these considerations, conventional IVUS transducers usually employ a frequency range of 20 -40 MHz (Qiu et al., 2014) . In this paper, the center frequency of the reception element was defined as 30 MHz, which is the same as previous transcutaneous super-harmonic imaging transducer used in a previous study (Gessner et al., 2013) .
The center frequency of the transmitting element used for microbubble excitation was determined by maximizing nonlinear microbubble response while considering the space limitations of intravascular catheters. Experiment results showed that microbubbles with diameters of about 1 μm were excited efficiently with frequencies from 2 to 5 MHz (Doinikov et al., 2009) . However, the width of the transducer was decided to be 0.6 mm, and the transducer was designed to work dominantly in thickness vibration mode, which requires the width-to-thickness ratio to be at least 2 (Lerch, 1990) . According to this requirement, the thickness of the transmitting active element is at most 0.3 mm, which is associated with a transmitting frequency of 6.5 MHz. However, the 6.5 MHz frequency is slightly higher than the bubble resonant frequency range (2 -5 MHz) but can still generate SNR that would be detectable (Lindsey et al., 2014b) . Additionally, transducers with lower transmit center frequencies (5 MHz) were fabricated to compare image quality as a function of transmitting frequency in IVUS transducers.
Piezoelectric material
The dual frequency super-harmonic imaging transducers work in relatively low power environments with moderate excitation voltage, short excitation pulses, and low pulse repetition frequency (PRF). In this application condition, piezoelectric materials with high piezoelectric properties are preferable, such as PZT-5H, PMN-PT, so that the transducers could benefit from higher performance without increased risk of being damaged by dielectric breakdown or self-heating.
In comparison with PZT-5H, PMN-0.33PT single crystal exhibits better piezoelectric properties but lower robustness (Table 1) (Park and Shrout, 1997; Rehrig et al., 2003; Zhang et al., 2015) . For small aperture intravascular transducers, high dielectric constants are preferable to match the electric impedance to the machine input/output impedance (typically, 50 Ω). In order to obtain high acoustic pressure output (> 1 MPa) and high detecting sensitivity, high piezoelectric strain constant d 33 and high coupling factor k t are preferable. Low acoustic impedance is preferable to achieve better transmission efficiency to water or tissue. While the acoustic impedance of both PZT-5H and PMN-PT are high (> 30 MRayl), piezo-composites generally have lower acoustic impedances (∼ 18 MRayl), which may exhibit better transmitting efficiency. The temperature for the safe operation of PMN-PT (< 65 °C, phase transition temperature) is much lower than the PZT-5H (< 350 °C), which is not a serious problem because the transducer operates at low temperatures(body temperature, 37 °C) and at a relatively low power conditions. According to the above considerations and the material properties shown in Table 1 , PMN-0.33PT single crystal is a preferable in comparison with PZT-5H.
Because the transducer will be functioning for imaging purposes a short pulse length is preferable since it provides better axial resolution. For this dual frequency super-harmonic imaging transducer, the wavelength of the transmit element is several (4 -6) times longer than the receiving element. As a result, decreasing the pulse length of the low frequency element would likely be more efficient at improving axial resolution. PMN-PT 1-3 composite possesses a high coupling factor (k t is close to k 33 ∼ 0.9) and relatively low acoustic impedance (∼ 18 MRayl), which is preferred for a shorter impulse response and higher resolution. In addition, the piezoelectric 1-3 composite was designed with little lateral resonance at the working frequency. The lowest lateral resonant frequency f L in the 1-3 composite material is Jiang et al., 2007b; Jiang et al., 2007a) (3) where v L is the lateral wave velocity and d k is the kerf width of the composite. The kerf size of composite was well controlled so that the lateral resonant frequency f L is at least twice of the thickness resonant frequency. This feature is beneficial as the transverse dimension (width) of the IVUS transducer is close to the thickness for the low frequency element. Shorter pulses could be generated from the PMN-PT 1-3 composite because the transverse mode was reduced so that its thickness mode resonance is better than that in PMN-PT single crystal. However, the pressure output efficiency of PMN-PT 1-3 composite is affected by two competing effects: the acoustic wave generation and propagation efficiencies. Low volume fraction (∼ 50%) of active material leads to lower pressure generation while lower acoustic impedance of the composite material causes higher wave transmitting efficiency. In this research, both PMN-PT single crystal (HC Materials Corp., Bolingbrook, IL, USA) and PMN-PT 1-3 composite transmitters were developed and their performances were compared.
Transducer characterization
Beam profiles of the transducers with interleaved and stacked configurations were mapped with a hydrophone (HNA-0085, Onda Crop., Sunnyvale, CA, USA), using a linear a motion stage controlled by LabVIEW (National Instruments Co., Austin, TX, USA). For the interleaved configuration transducer, the low frequency element was diced in the center, and the high frequency element was placed at the top of the dicing slot (Figure 1(a) ). Layouts shown in Figure 1 (b) and (c)) were not fabricated because there were foreseen defects in the design, which was solved by the stacked configuration with different apertures and included an acoustic filter (Figure 1(d) ) layout. In the transducer characterization, performances of the interleaved configuration (Figure 1(a) ) and stacked configuration (Figure 1(d) ) were compared. In order to verify that the transmitting beam would overlap with the receiving beam, the sensitivity of the 30 MHz receiving element was also mapped. The propagation of the 30 MHz wave is generally weak, linear and reciprocal, and as a result, the receiving beam profile mapping was estimated by measuring the transmitting beam with the same hydrophone.
The ability to produce large peak negative pressures (PNP) and short pulse length are key design consideration of the transmitting acoustic wave. A large PNP value produces strong nonlinear response of microbubbles and higher CTR while reducing the number of negative pressure peaks would provide higher axial resolution. In the transmit element characterization, the transducers were excited by a function generator (AFG3101, Tektronix Inc., Beaverton, OR, USA) with either one-or two-cycle bursts at 10 V pp . The transmitted wave from each transducer was measured by the same hydrophone (HNA-0085) at 3 mm away from the transducer. The measured pressure values were normalized to unit voltage (1 V) excitation and the performance of the transmission elements were compared and evaluated based on the normalized acoustic pressure output.
Sensitivity and pulse length are important characteristics of the receiving element for high CTR, high resolution imaging. The bandwidth and the sensitivity of the receiving elements were characterized using a pulse-echo method. The transducer was excited by a customized pulser/receiver system ) using a 20 V 1-cycle impulse. A steel block was placed in front of the transducer as the reflection target. Envelope of the echo was calculated as the absolute value of the Hilbert transformation on the time domain signal. Sensitivity of the receiving element was defined as the amplitude of the envelope divided by the 20 V amplitude input. Pulse length of the wave was calculated from the normalized envelope with amplitude higher than a threshold (-6 dB or -20 dB, as indicated).
Contrast imaging
Contrast imaging with these transducers were tested in vitro using a tissue mimicking phantom with fully developed speckle from graphite scatterers. Microbubbles consisting of a lipid-shell and perfluoropropane-filled gas core (Streeter et al., 2010 ) (∼ 10 8 microbubbles/mL) were pumped at a speed of 3 mL/h (26.5 mm/s) through acoustically transparent cellulose tubes (200 μm in diameter) embedded in the phantom to mimic the microbubble circulation in vasa vasorum (Figure 2 ). The transducers were angularly rotated to scan inside an artificial lumen (drilled hole with 4 mm diameter) of the phantom in order to simulate IVUS imaging inside a coronary vessel. Pulse lengths measured during imaging was defined as the time duration in which the amplitude of the enveloped signal was -6 dB relative to the peak value.
A customized dual channel contrast imaging system was used to excite the transducers and to acquire the signal. The system was controlled by Xilinx Virtex-6 FPGA (Xilinx Inc., San Jose, CA). The transmission excitation was adjustable as 1 -33 MHz and 20 -100 V and the reception was sampled up to 200 MS/s. A synchronized 3-dimensional (3D) motion stage and a stepper motor (400 steps/rev) were used to position and rotate the transducer for imaging.
Results
Transducer prototypes
Multiple transducers were fabricated and their performance was evaluated with acoustic characterization and super-harmonic imaging. The center frequencies of the transmitting elements of the transducers were either 6.5 or 5 MHz, while the reception frequency of all three transducers was 30 MHz. The 6.5 MHz transducers were fabricated with PMN-PT single crystals and the 5 MHz transducers were fabricated with both PMN-PT single crystal and 1-3 composite. At least 5 transducers were fabricated in each category. All transducers were identical in aperture (3 mm × 0.6 mm) and similar in thickness (0.3 -0.45 mm). All the transducers were small enough to be mounted onto 20 gauge hypodermic needles or inside commercial percutaneous intervention catheter housings (Boston Scientific Corp., Natick, MA, USA) (Figure 3 ).
Acoustic characterization
3.2.1. Beam map-Transducers with interleaved configuration and stacked configuration were fabricated and their transmitting beam profiles were first mapped to verify that they overlapped with the peak sensitivity of the receiving beam. In the interleaved configuration, there is no piezoelectric material for transmitting at the center of the transducer (the position of the receiving element) and as a consequence, the pressure was lower at the center ( Figure  4(b) ). However, since the receiving element was designed for good lateral resolution (-3 dB beamwidth: < 0.4 mm), the region that the transducer is sensitive to receiving signal was outside of the peak pressure regions of the transmit beam profile when using an interleaved configuration (Figure 4(a) ). Consequently, microbubbles inside the sensitive region of the receiving beam could not be sufficiently excited by the low frequency wave because of nonoverlapping beams. The transducer prototypes with interleaved configuration was unable to detect any super-harmonics generated from microbubbles in preliminary experiments. On the contrary, the stacked configuration has piezoelectric material for transmitting placed underneath the receiving element with an acoustic filter layer between the two active layers (Figure 1(d) ). As a result, the transmitting beam of stacked transducers was relatively uniform and without a drop of high pressure near the center of the transducer where the receiving element was most sensitive (Figure 4(c) ). Further analysis of optimized transducer design excluded the use of the interleaved layout due to its inability to simultaneously generate and detect nonlinear microbubble responses. All remaining analysis sections considered transducers fabricated with the stacked configuration (Figure 1(e) ).
Transmitting waveform-Transmission
characteristics of the transducers were measured using a hydrophone by applying either a one-or two-cycle wave excitation to the transmitting element. Measured pressures were normalized to the input voltage amplitude applied to the element and plotted ( Figure 5 ).
The normalized pressure value of each transducer that corresponds to 1 V excitation is marked by the horizontal dashed line in Figure 5 in order to facilitate PNP comparisons. The 6.5 MHz transmitter generated relatively higher pressure at the same voltage input (Figure 5 , left), primarily for two reasons. First, while the same voltage level was applied, the electric field within the 6.5 MHz transmitter was higher because of the smaller gap distance between electrodes of the higher frequency transmitter. Second, the 6.5 MHz transmitter had reduced lateral mode coupling compared to the 5 MHz transducers since the width-to-thickness ratio was higher (Lerch, 1990) . If the frequency was lowered directly by increasing the thickness of the PMN-PT single crystal, then the width-to-thickness ratio is also lowered and the element will split the transduction energy between the transverse and thickness vibration modes which operate at different center frequencies, broadening the transducers bandwidth. In that case, the thickness mode resonance would be weakened and the pressure output was measured to be lower (Figure 5, middle) . In order to suppress the transverse vibration mode, the active material could be replaced by PMN-PT 1-3 composite. The pressure output of the 5 MHz PMN-PT 1-3 composite transmitter ( Figure 5 , right) was slightly higher than that of single crystal although the volume fraction of active piezoelectric material is much less (∼ 50% vs 100%).
Pulse length (marked with vertical dashed line in Figure 5 ) of the acoustic transmitting wave was defined as the time duration within which the negative pressure was at least -6 dB relative to the PNP. Moderate acoustic pressures (∼ 1 MPa) induced detectable superharmonics from microbubbles while low pressures caused little harmonic response. The 6.5 MHz single crystal transmitter had almost no transverse resonance components (∼ 1.5 MHz), and the pulse length was short with 2 pronounced negative peaks (≥ -6 dB) at the 1-cycle excitation and 3 pronounced negative peaks at the 2-cycle excitation. However, the 5 MHz single crystal transmitter had the longest pulse length with multiple negative peaks even at the 1-cycle excitation. When the material was replaced with 1-3 composite, the transverse vibration mode was largely suppressed and the pulse length became shorter with 1 pronounced negative peak at the 1-cycle excitation and 2 pronounced negative peaks at the 2-cycle excitation. The transmitters made with PMN-PT 1-3 composite were the only ones that exhibited single negative peak waveforms while all PMN-PT single crystal transmitters had noticeable ringdown that generated multiple pronounced negative peaks that may significantly reduce the axial resolution capability of the system. In summary, the 6.5 MHz transmitter generated the highest pressure output for a given voltage amplitude while the 1-3 composite transmitter generated the shortest pulse length with a single negative peak. The tradeoff between the high pressure of the 6.5 MHz crystal transducer and the short pulse length from the 5 MHz composite transducer can be used to tailor transducer design to adapt to the environment being imaged. The normalized pressure efficiency from the composite material was about half of the 6.5 MHz crystal, which is not dramatically low and can be compromised by supplying higher voltages. Applying 100 V to the composite would generate about 1 MPa of peak negative pressure, which is sufficient for super-harmonic imaging of contrast agents. Additionally, the pulse length of the 6.5 MHz crystal transducer is not short enough and contains multiple cycles with high rarefractional pressures which is undesirable for imaging since it can cause multiple axial responses that would ultimately reduce spatial resolution of the image. Taking these two considerations into account, the 5 MHz composite transmission transducers are expected to be more suitable for a high contrast, high resolution imaging.
3.2.3. Pulse-echo of the receiving element-The 30 MHz reception element of these groups were designed with identical parameters although there were slight variations due to fabrication inconsistency. Typically, a reception element showed high sensitivity (-27 dB loop sensitivity) and short pulse (48.8 μm at -6 dB and 86.0 μm at -20 dB) in pulse-echo response (Figure 6 ). The -6 dB fractional bandwidth was 46% with the pass band covering from 22.9 MHz to 36.6 MHz which covers the 4th to 7th harmonics of the 5 MHz transmission center frequency. The aliasing echo (Ma et al., 2014b) of the receiving wave was suppressed to 23.7 dB compared to the primary echo.
Contrast imaging in phantom
The frequency dependence of the CTR was investigated by comparing the imaging results in vitro using the transducers with 6.5 MHz and 5 MHz transmitters made of PMN-PT single crystal. For an effective frequency comparison, relatively narrow bandwidth excitations are preferable to differentiate each frequency response. According to the transmitting waveform measurements (Figure 5 ), short monotone bursts composed of 2-cycles at the center frequency of each transmit element were used to excite the transducers for comparison. The amplitude of the excitatory signal was adjusted to obtain 1 MPa PNP, a typical value generates nonlinear response from microbubbles consistently without complete destruction of them (Lindsey et al., 2014b; Radhakrishnan et al., 2013) . In the super-harmonic imaging tests, the dual frequency transducer with the 5 MHz crystal transmitter generated images with higher CTR (21.6±3.0 dB, Figure 7(b) ) than the one with the 6.5 MHz crystal transmitter (15.4±1.5 dB, Figure 7(a) ). The result comparison is concluded in Table 2 . There are mainly two causes. One reason was that 5 MHz was closer to the microbubble resonance and transmitted wave was more efficient at generating the nonlinear response of the microbubbles (Doinikov et al., 2009) . Another explanation would be that the harmonics being detected at 30 MHz when transmitting with the 5 MHz element are of a higher order (4.6-7.3 times f c ) than the harmonics generated from the 6.5 MHz transmit frequency (3.5-5.6 timesf c ). Other studies have indicated that higher order harmonic energy generated from tissue is lower than that produced by microbubbles (Bouakaz et al., 2002) . The 5 MHz transmitter produced better CTR than the 6.5 MHz transmitter in higher order superharmonic imaging of contrast agents.
The pulse length of the transmitting wave is likely to be the main cause for the change in axial resolution of these two phantom images, and it appears that a single negative peak is preferable for the microbubble excitation. The 6.5 MHz single crystal transducer could not achieve resolutions higher than 150 μm because of multiple negative peaks in the transmission even if 1-cycle excitation was used. In the image, the diameter of the cellulose tube carrying microbubbles was measured to be larger than the actual diameter (Figure 8(a) ). Similarly, because of long pulse length in the transmission, the measured diameter of from transducers with 5 MHz single crystal transmitter is also larger than the actual diameter of the tube (Figure 8(b) ). In comparison, transducers with the 1-3 composite transmitter under 1-cycle excitation generated very short pulses (single peak) and the measured diameter of the tube in the test was almost the same as the actual value (Figure 8(c) ). The -12 dB pulse length was decided on brightest spot with peak value of 0 dB (marked with yellow arrow). Other spots are darker, probably due to less sensitive microbubble sizes, deviation from the receiver's most sensitive bean, etc. Some spots appeared to be shorter because they were not -12 dB pulse length, while some appeared to be longer very likely because of the existence of multiple microbubbles. Considering these effects, the brightest spot width was determined to be the pulse length of the microbubble response, which was about 70 μm at -12 dB, suggesting the possibility of the transducers for high resolution acoustic angiography of the second order vasa vasorum.
No lateral information is illustrated in Figure 8 because lateral resolution is neither the width of the whole bright area, nor the width of each white spot. The microbubble tube was not parallel to the transducer, so the bright area can be wide due to the angle of the tube. Each bright spot is not the lateral resolution because each microbubble can hardly be detected twice. The PRF of the imaging was about 100 Hz, and the bubbles flow speed was about 26.5 mm/s, meaning that the microbubbles travelled about 265 μm in each imaging interval. Considering the narrow beam of the receiver (≤ ± 0.2 mm at -6 dB), if one microbubble is at the center of the beam in one excitation, it would be out of the beam in the next one. As a result, the bright spots came from different bubbles even if they look close to each other in the lateral dimension.
Conclusion
In this paper, dual frequency intravascular ultrasound transducers were designed for vasa vasorum imaging to estimate the vulnerability of coronary plaques. Design alternatives were studies and compared for optimization of image quality by adjusting transducer layout, transmitting and receiving frequencies, and the transducer materials.
Transducers with interleaved layout and stacked configuration were fabricated and characterized by beam mapping. The transducers designed with the interleaved configuration had non-overlapping transmit and receive beams and therefore could not detect super-harmonic signal from microbubbles. On the contrary, the specially designed stacked configuration with an acoustic filter layer and different transmitting/receiving apertures successfully generated uniform transmit pressure fields, which were able to generate detectable nonlinearity of microbubbles at the sensitive area of the receiving element. Therefore, the stacked configuration is more favorable in this dual frequency intravascular transducer design for acoustic angiography.
The transducer frequencies were designed specifically for intravascular vasa vasorum imaging. The receiving element was designed to have a high center frequency since the major concern is to identify fine vessel structures at a shallow depth of a few millimeters (Gessner et al., 2013) . The transmitting element was designed to properly excite microbubbles to produce high order nonlinear harmonics. The thickness mode resonator having a center frequency of 6.5 MHz was not very effective at performing nonlinear excitation. The CTR was increased from 15 dB to 22 dB when the transmitting frequency was decreased from 6.5 MHz to 5 MHz. However, unintentional transverse vibration modes were introduced by increasing the thickness of the transmitting element in order to have a lower center frequency and this caused reduced pressure outputs and increased pulse lengths that would degrade image quality. The transverse vibration problem was solved by replacing the PMN-PT transmitting material from a single crystal to a 1-3 composite.
The PMN-PT 1-3 composite transmitters generated much shorter pulses than the PMN-PT single crystal ones. In the PMN-PT 1-3 composite, transverse vibrations at frequencies near the thickness mode resonance were suppressed intrinsically by the periodic structure of the composite allowing filling material to mechanically decouple transverse wave propagation. Additionally, the characteristic acoustic impedance of PMN-PT 1-3 composite (∼18 MRayl) is much lower than that of its single crystal counterpart (∼37 MRayl). Incorporating composites into the design allowed broader bandwidth to be achieved which dramatically reduced the pulse length of the transmitting wave. In super-harmonic imaging with a single crystal transmitter, the detected diameter of the cellulose tube was larger than the actual diameter due to reduced axial resolution caused by increased pulse length of the transmitter. In comparison, measurements of the same micro-tube using the 1 -3 composite transmitter were much closer to the actual diameter of the cellulose tube with individual microbubbles being detected at a length of 70 μm in the image. These short pulses would aid in creating a very high resolution imaging of tiny vasa vasorum using contrast agents in IVUS.
In conclusion, this paper provided details of the design alternatives and the optimal choices on dual frequency intravascular transducers that are designed for vasa vasorum angiography using higher order super-harmonic imaging approaches. The choices and design methods are expected to be advisable to other super-harmonic imaging transducers as well. Beam profile of the (a) receiving beam, and the transmitting beam of (b) the interleaved configuration and (c) the stacked configuration with an acoustic filter. Transmission efficiency of the prototype transducers for 1 cycle (left) and 2 cycle (right) burst excitation waves. Horizontal lines are drawn to indicate the peak negative pressure of the time series waveform and the vertical lines indicate the -6 dB beginning and end of the pulse for measurement of the pulse length. All values are normalized to input voltage amplitudes Comparison of contrast to tissue ratio with excitations at frequencies of (a) 6.5 MHz and (b) 5 MH with 2-cycle excitation. Standard deviation (dB) 1.5 3.0
